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Abst  ragt

IIy tbc next k.adc, sp:icccrafl  will trc highly
Ininiaturiz.cci and automated [0 rcali7,c much lower lifc-
cyclc costsin  cmnparisonkr  to(lays col)nlcr-l):lrts.  ‘1’hc.sc
SIMI1  spaccc.lafl will llavcl)i~tlly autorlol[lousc ol)trol
syslc.ms  fc)ls~)acccr:tf tat(i[ll(lc,  maneuver, ancl orbit
conllo].  ‘1’l)cy will })avc tbc capability toscnsc.
dislu[l)ancc.  crlvilor)l)lcj)ts,  acccl)tgoal lcvclcon~mands,
and Inake il])l)lcl)lcr)taliol)  ckcisions.  }Iifjlligblcct il) this
J)apcra rc.tl)ck  c.ycnablingt  cchncrlogics  ofin(c]ligcnl
control, inducting nc.ural-fuz.zy  control, and InocJcJ-
l)ascd rot)usl rcconflgurablc control.

]Iltroducfion

“1’0 rwhic.vc futmc low-cost missions will require a
Iadicat changcfrom  tbccurrcnt  cicpcndcncconrcal-
tilnc, trends-on gIound support in mission opcra[ions.
] mv oJ)crationaJ  costs can bc rcalimcJ through ~rcally
inclcascd onboard alltollol)~y al)(ircli:ir)ccor)  tbc
aciaptability built into control systc.ms. Missions to
cxl)lt)l-c J)lat)c.ts,  comets, and aslcroicts  will cn)phasiz,c
fast-fly  inr,, agile. sJ)accct-aft that arc capable. of insuring
II)ission  success in tl)cfacc  of a widcrangc,  of
unccl-[aintics, botl)ol)-t)oardar)(l  intbccxtcrnal
crlvi[()[)I]lc111.”2

‘1’ccl)nology dcvclopmcnt of ncw methods>
alctlitccturcs,  algorithms, and mo(iular  flight software
(lIaI will enable the autonomous on-board functionality
ofat) intcfgalcd spacecraft Gtlid:\[)ccat~clCc)r)(rc)l
subsyslcrn,  as well as Illc]l)otlitorir)ga  n(l managcmcrll
ofspacccraft  health, power, fuel, and computation
rcsoulccs  is underway for fu[urc  clccp sJ)accmissions.
II]lpor[ar)[  ncw capabilities for On-Board ‘J’ask  Planning
and (.hnllnand Scqucncc (3crrcratirrn  to autonomously
cal[y-ou( (llcbascJinc  mission  arcalso  incorporated.

-.
* AIAA senior Incmbcr

‘I’llis issl)owrlli rlI; igLlrc 1 ir)collll)arisc)  rJu~itllttlc J)asl
(radi(ional  approach.

Jr) contrast to convcntiomrl feedback control, wkrc tbc
Cvrorsignal isthcn):ii nwaytoassu  rccontr  olstat)ility
arl(l])crfor-ll)  ar)cc,l )lf~’lli~e)lt  Co)ttr-ol offers autonomy
Illrougb  self lcarl)ing, self rcconfigurability,
al) Jm)xinlatc reasoning, ptanning  ancl ckcision nlaking,,
and thcability  tocxtract  the most vaJuab]c  infor[nation
fmn unstructurcct  and noisy data. ‘lhcsc attributes may
bcrcalizcdb ythcmcrgcrof  )lel<rf~l)lcl)tork.$ an(lfim.y
logic in support of littccrl(litlt~-t[)leratlt  rolm.rI control
.ry.~fc~m.  ‘J’lIc(/IffoIIoIIIoI/.Y  infelligctlt spacecraft cc)rl(roJ
syslcms oftl)cncm  fulurc will in(cgratctllcsc
Iccllniqucs t()acllicvc r()bLrsl  rcclLlcccl cos[c)I)cr:ll)ility.3

1’1 cscntly, on-board cornpu(crs usc jlmtitlg poitlf
w{tial]lcs, itllcgcr~~clt-i(ll)lc,~, Boolmn  Vciri{ildc.v, (and
sonlctimcs rwttqdex  v(iri(JbleLf).  While sac!] data types
atc inhc]cntly  I)rc.cisc, they rcstl-ict (k sJ)acccr-afl to
J)llrc]y prc[)rc)gr:llllrllcci actiorls. ‘J’}lis]ackofrca]
aulonmny has linkl past spacccraf(  closcJy  to gtound
c)])crations.

I’l]c nc.x[ generation of s]mcccraft w’iJl have li)Ig//i.y/ic
v{ir-i[il)lcs in the. Jligl)l softwalc. ‘J’his  cnlmI)ccIIIcnt  is
essential fol il)fllsillgir)tclli~ctlcc  and approximate
reasoning caJ)at)ilitics. ‘I’t)cfLlr)d:ll[ lcrltal know]cdgc
rc[)rcsc.ntation  unit in tllctl)cc)ry of:l]l~)rc)xirrlatc
r-c:isoning is (11c no(ior) ofa litl~l/i.Yfic lJfl)-i(41)l(’.4’  s’1’llc
fol Inal definition of a Iirlguislic  variable invo]vcs sct-
[I)corclic issues. ” ‘I”hcrc is a great dca] to bc gaincci fro]n
usirlglinguis[ic rcprcscntations, wl)ilcat  tbcsarnclinw
cnsurinptbat  rlo])rc.viotlsc al):lt)ility”  iscornpmnised
sincc~loolcan logic is as[)ccial case c) fl;u?.z,y logic.

(hpylight@ 1996t)y  t~c Alllcricarl Insti[utc. of Aclonautics all(l As[lc)rltlu[ics,  Il)c. All Iigl)ts  rcsc.rvcd.
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Figure 1. Future Autonomous Sl)iicccritf(  l:li~ht  Operations

(k.] Iaia s})ccia] at(ril)u(cs  c)f Iiumy logic lnrrk  it ideal
fot (icvclopin.g  such au(oac)lnous  spacccr:ifl  coatrol  and
atc dcpiclcd in l;igurc, 2 keyed (0 (IIC auloaomous
functions which lllcy bcs( suppor[.

1.

?.

3.

4.

l;u7.7.y Iafcrcacc  provides a WCII  cslablis})cd  t)asis
for I;xpcrl Syskm  l)iagaosis  aad I)ccisi[m
h4akiag.7

1 ~uny rcprcscr)tatioas  allow srl~ootl)cd/ill(  c.1-l)ol:itc.cl”
swilcl)ing alm)ag several caadida(c modc]s,
coal] ollc]s, cslimalors, c(c. x

l; LIZ.Zy  I):ir:illlclcri7. atiC)lls arc. Uaivcrsal
Apploxirna(ors  useful for modcliag amlir)cari(ics,
and can bc adapted ia real time for ilnl)rovccl
pclfor-rnaacc  .Y’ ‘(” 11

IiL177.y Inodcls and rcprcscr)latioas  sirt)lllt:ir)cc)llsly
lmmllc both r)ulncrica  1 data and liaguislic
tmvlcdgc.]2

AU1OIIOII)OUS Cqntrgl  ,$~chiteclorc

A cat)didatc  fu[)ctioaal architecture for an autonomous
spacecraf t  control  systcm is dcpictcct  ia I;igurc 3.
Specific roles for l;uz,zy logic to support the Plomitlg,
Afodelitlg, Ikcculor  md A40tlifor func(ions  arc oulliaccl
below.

l’lat~t~cr

As a specific cxaml)]c,  coasidcr a plaa for an a(titudc
lnaacuvcr. la this c.asc, y~ rcprcscals the desired
quatcrmioa,  ralc, and :icc.c.lcratioa profile.s. ‘1’l)c
calculalioa of y,i ]llay iavolvc constraials such as
rmximum SK  ralcs, ll)aximutll allowat)lc torques,
tt)l uslcr pr-ofilcs,  and ia additioa, gcornc[[-ic  cot}strail]ls
lnay t)c iml)oscd  which forbid  scicncc  iastrumcr)ls,
cat)) cr:is, etc. to lic witl)ia ccrkria cone angles of tl)c
SUII,  ot tcshicl  sucl) c.xculsioas 10 bc of limilcd tilllc
duratioa.  la tllc case of orbit cor[cclioa lnar)cuvcrs,  y,, is
a spcciflcd scclucacc of attiluclc lIIaae.uvcIs  and thrus[
vector profiles 10 acllicvc a desired l)cl[a-V. la a sitllilar
rnaaacr, most other spacecraft coatrol systcrns  require
plaaacd profiles.

2
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FUZZY LOGIC CAPABILITIES AUTONOMOUS S/C FUNCTIONS

O FAULT DETECTION AND ISOLATION
O MOMENTUM WAGEMENT
O CONTROL LOOP RECONFIGURATION

@ MODELING
o DYNAMIC fv13DELS
o ENVIRONMENTAL MODELS

* ESTIMATION
O ATllTUDE  DETERMINATION
o TARGET REFERENCE TRACKING
0 ADAPTIVE CA1.lBRATION  ACT/SENS
O GUIDANCE FUNCTIONS

@ CONTROL

EXPERT SYSTEM DECISION * ON-BOARD DECISION AND PLANNING
O GfLC SEQUENCE RECONFIGURATION

; Q~EVs~s~H~N%TRACKING.—-— --- -- —--
0 DISTURBANCE IvWAIAGEMENT
0 FLEXIBLE BODY CONTROL (SEP)

Figure 2. l’uny I,ogic Attribrrtcs  for  AIJtoIIomous  Microspacccraf!

‘lhc (lc.lclillillatic)~l of Ibc optilnal JJlan typically
invo]vcs  solving an optimi~.ation  problc.in, wbm the
goal is int[-oduccd  tbroogb tbc choice c)f objcctivc
function, ancl incqwrlity constrains arc impose.ci based
on spacecraft ciynamics, hardware lilnitations, and ottmr
desired or compc(ing  physical constraints.

A mcllmd for rcso]ving  this conflict is LKC of ]1’uzzy
objcctivc functions. 13 Iiu7,zy objcctivc  l:unclions bavc
lxx.], consiclcrc.d in 7.ak. ‘4 ‘Ibis  approach gives wcigtdccl
considcraticrn (0 all impor(ant  factors, cmrrla(ing  (hc
a])lnoactl prcvious]y  taken by }Iutmn experts on t})c
gt ound. Olbcr examples inc]udc rc.source allocation
(i.e., fuel for maneuvering, fuel for orbital cor~cclions,
]uc]no]y fm data s[oragc,  power, computational
ICSOUICCS) etc. ) for wl}ich col]lpc.ting  needs lnust bc
]wiol  itiz,cd and met.

Once atl ot~jcctivc funclion  is clarified, an optilaization
p] oblcm n~ust bc. solvcct. Several alternative approacl)cs
exist based on l!xpcr( Syskn  K, AI IIlctbo(ls,  anti
Ma[hcmrtical  l’rogrammiag appmactm.  A conccptrral
cxalnp]c  of t}lis approach is shown in I;igarc 4, wbicb
dc~)ick tllc situation involved in planninx  a spacecraft

rnat~c.uvcr.  }Icrc, orlc is working on the cclcstial sphere,
(i.e., 3-axis rotations) wl]crc  constraints (i.e.,
ins[rumcnts  which slmulct not Jmint into tbC sun, ClC.)
ate. sl)own as da[kclicd r-cgions or) tk surfac.c of lllc
sl]l]crc. An important advantage of using l~uzy.y  logic
IICIC is that kuristics for solving the problcr]l  can bc
crnbccidcd systematically into (IK scarcb algorithms.

!Modclcr

‘lhc Modclcl is suppor(cct by rnodc]s  contained in tbc
Knowlutgc  base, and is csscn(ially  a
sinlulation/prcctiction  function which can play out
“what-if’ scenarios by propagating cjiffcrcntial
cquatiorrs,  algebraic relations, scc]ucntial  logic, etc. to
assess tbc quality of a candidate plan. la par-l iculat,
l:any rnodc.lirlg  is mos[  advantageous wlm

1. (krnptcxitics  or u[lccrlaiotics  arc beyond what can
bc rnociclcd easily or- lJrccisely with rnatbcrnatiml
rllodc.]s a l o n e .

?, ‘1’hc  model caa benefit from including linguistic
in for lr)alion,  ob[aincd from cxpcrls

3
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Figure 3. Autonomous Control System  Architcdurc

K’igurc  4. Spacecraft Autonomous Mancuwring
I’rolhn

3. ‘1’hc moclcl has widely varying dynamic
c]mraclcrislics  and is best modeled by several
]nodcls, cacll optimized for a pal-licular  operating
range, In (Ilis case, switching and interpolation
bctwccn models can bc done smoothly and
sys(c.matically using 1ir7.zy  ]og,ic.

4. ‘1’t)c model has nonlincari(ics  which arc not easily
chalactcri?ccl using stanclald  modeling methods,
but whicl] can bc systematically rcpmscnk.cl  by tllc
lJnivcrsal Approximation properties c~f I~uz.z,y  basis
fllnc(ions  [10][11][12].

S. in-fli~,h[ learning is required 10 improve model
flciclity duc to ci(hcr the tilnc-varying dynamics, or
performance scnsi(ivitics  (0 model onccr(ainty.

‘J’wKJ  fuzzy nmdcling  concepts supporl (I)c h40fieleI
function. ‘1’hc first ccmccJJt k ~llzzy ]]HHIO1l ltlfef”cnce

Mmlcls, and is motivated by situations 1 and 2 above..
“1’tlc second concept is l;lizzy .$}t’itcllcfl-Itltcrj)ol(~tcd
Models, and is motivated by situations 3,4,5 above.

‘1’tm trasic concept bChilK!  ]“llz.zy l]uman ]llfCICllCC
Modcfs is to incot poratc li~l,qt{i.~(ic  i~rjorl)w~io~t into the
lllodcls using a l;u7,zy 1 mgic forlualism.  ‘1’hrcc  tyj)cs  of
1 ‘u?zy modeling can bc defined based on the amount
and nalurc of Il)c information:

● L.rpc r{ lksfd: Uses linguistic in forlnat ion
exclusively

● Model Bmwd: In(cgta[cs  both linguistic rules and
numerical clata.

● Afdcl }1’m: Gcncratcs  Inwlcl f[ on) “watching’” tbc
phenomena over a J)criod of time and learning tt]c
observed input-output mappins.

4
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Iixpcrl l{asd Approach

IImc. models arc compcrsc.cl  cxclusivc]y  flonl linguistic
illforination  supp]iccl as sets of };uyzy rules obtained hy
1x)11 ing cxpcrls.  llxpcrl basccl modck  stor’c.d in the.
slmcccmf( Know] cclgc Base. would hc cssc.ntial fo]
lmnd]  ing c.lncrgencic.s,  anmnalous hchavior,  as WCII  as
tcacting (0 special sitwrtions. }ior cxaln]~]c, wl]cn
pl c.sent spacecraft get into troub]c,  they switch into
saflng modes such as: find Sriti--$trd Ikit-th--aiil IIotw.

in contrast, an autonomous s]]acccraft musl SOIVC
problcrns  by i[s~lf.  la this case, it is essential for
knowlcctFc  obtained fronl c.xpc.r(s  on the ground to bc.
storccl anti maintained onhrrd.  ‘I”hcsc rnodcls woLIld bc
parlic.uiarly useful 10 suJ]porl tbc follcrwi ng rrutoncnncms
space.cmft func(icrns:

9 ];ault l)c(cctimr,  Isolation and kcovcry
● l{csourcc  Management (fuel, powc.r/battcl  y,

tllcl-rnal, momentum, data storage, etc.)
* CI’argc.t  Sclccticrrr rule.s for Optical Nav igat ion
● Sc.rcndipitous Sc.icnccfJ’argcts

kfodct  kwii Approach

]n this approach, oly”rclivf  information is inccrrpoj atc(i
using lna!hcmatical N1OCICIS,  wbc.rc.as subjcc.tivc
infmlmtiou  is incorpomtc.d using linguistic statements,
‘1’hc  Iinguis(ic statcrncnts arc corrvcr(cd  to rules wbicll
arc. quantific.d  using, the 1;u7zyI,  ogic follnulalion, and
intc~iatcd witllt}lcl llalllclllalic:il  models.

‘1’hc Model-lIascd approach allows a ll~iu-id
lncthodo]ogy  which incorporates lirrgumlic inforlnation
wllilcrclaillirlg  fl]ll uscofavailablcp hysicalmodcls.
‘l-his is ilnporlant in spacc,cl aft applications where
clilical  itlf[}rlllatioJlllll\st l)c. rct:iitlccl irltllcforlll  of
tip,id-body dynalnics, orbital mccllanics, cclcstial body
cphcrnc]idcs, cnvironmcnta]  disturbance models, etc.
‘1’hc 1 ‘u7.7.y  1 ,ogic approach allows onc to blc.nci  fu77y
notions of SmoolhIte.w, C[oscticss,  Corrclatcdtlcss,
Coim-iifmce,  C(C. into modc]s and krrowlcdgc base.s,
Spccit_ic spacecraft applications would include models
f(ll

● Att i(u~ic 1 ktc.rmin ation ancl ~ontr o]
● 01 bit I )ctcrjllinaticm and Ckm c.ction MancuvcIs
● Autonomous ‘1’argc(  “J’racking
● Autonomous star/planet 11)
● IInaging Scclucncc I)csiga
● Actuators and Sc.nsors
● 1 ixtcr!ml  ‘1’orc]ucs  and I)islurbanccs
● In-Idig,tlt  Calibration of Instrumcmts  and Sensors
● ‘1’hc.rul~al  control

Afodtl Free Approach

lrlttlc~f~j(lcll;t-ce :i])]~ro:~cll,r lllcsarc(  lclcrlllirlc(l
<lircctly t)y2illaly7illgc lalil,arlcltlJcl) enhancing this
inforlnation  wit}) lioguislicrulcs  allclit)tlli[i  vcguicltlrlcc
typically ol]laincd  fmIII  cxpcIts. IIcrth  steps arc
quantified and intcgyalcd  intrra lcarllit~g,~lrc~cc.ss  usinga
1 ‘u?zy I .ogic paradigm.

‘I’ypically,  tlm Afo(lcl-1’rcc  aj~]>rc);~cllisusc(lfor
clI:\rt\ctcIi7ill  gtJclla\'icJr\* lliclliss oc()1llr~lcx and
elusive, that mathclnatical rcprcscntaticms  arc cid]cl
llrl[i~’:lilal~ lcoriflfcasil)lc.  Using ttlis apIMoach,  it is
lmssiblc (O develop a ncw class of sl)acccrafl  contrclllcr
froln il]pllt-c)lltl) lllrIl:llll)ir] gsc)f  tllc~llllllallc)pcratc)rs.
S])ccific  spacccraf(  applications would include mocic]s
for

●  }]r(J]lcllalit Slosll,I  ;llli(l/~ryogcnll lcJtion”
● ~as  ‘] ’)lrustcrs,  Momcl]tum  ]’U]SC calibrations
.  ~alibration of Inshunlcn  tNorllincaritics
● }lr]virc)rlll~cl]t:~l  ‘1’orquc and I)is(ul-bancc Sources
●  ~c)lllct ~)lltg:tssing  l)istllrt>allcc.s

An imporlan( property c)f I~uzzy Basis I/unctions  is their
at)ility to approximate arbilrary  nonlinear functions. Iior
instance, a curvilit~c;\r futlcti()lI c:lrlbc a1)proxir1~atcclby
a wcighlcd sllrll-c)f-p~c)clucls  of (;aussian type pulses.
I;(]rcactl  f)lllsc, tllcr~lt~ccll)crl( c) fttlc1~Lllsc, thcpulsc
wid[ll, and thcpulschcight  arcdckwl~incd by alinc.ar
II:lr;ll]lclcrsclw,]licll istl!!lc.ci ol}tllc. grc)lll}d tlsillgb{)ttl
cxl)clil)lctll:il  dattl:illcl  cxI)cI-lli  l}~llistic  information.
Once in flight, the. Iincar  pammclcrs can bc upclalcd
using st:lil(i:lrcl  recursive least squares algmitllms. III
tllisl~~al~l]cr, tl)cgr()tlt)cl  lj:isccl itlf()rjllati()  l~istlscd  to
provide, a foundation for tuning in-fligll(, and the
]c(lllirccla(l:ij)ltltioll  lawfsforin-fligtlt  lcalning,  arckcpt
silllplc and lincarin  thcparamctcrs,

liliny  Mifcli cd-lttlcrpirlatcd Models

'l`tlcb"[izzy S\\'i~cltcfl-ltllcr])[)  l[ilc/{l M()dflitrg crrnccp[is
dc}jictcd in }ii~urc.  6. ‘1’hc basic idea is to switch
sllloott]lyt)ctwccll”  several altcrrlati vcrl~c)(lcls,  each
designed to bcoJ)litnal for adiffcrcnt  c)l]cril(ingrcg,i[llc.
‘J’llis cc)rlccJ~l  isuscflll  lorl Jllcrlc)ltlclIaw  llc}sc] larallletc.rs
vary in time and folwbich  nosinglclnodcl  will sufflc.c.
In addition, cxpcrl  knowledge, and fccdfor ward
illf(]rlllatioll  (c..g., tigaill scl~cclltlilJgv ari:it)lc)c all bc
iIlclltclc{i  tc)il}l]Jrc)vc  ltl()[lcli Il~])crforlll:illcc. Specific
spacecraft a]~plicalions  would include modc]s for:

● l’lopcllant  Slosh and I;luid/Oyogcn  Motion
● (ias’J’ttruslcIs
● S1>acccr:tf[  I)istor[ic)llL Jt~(lcl  ‘1’hcrl{lall.oads
● I;lllci I!(]uatic)r~s/Attitllclcl)yl~:\l~~ic.s
● I;lcxiblc  Il{)(!yl)yrl:ll]iics

5
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lntcrpolakl hfiodcls-

‘I’tlcllloclclillgo fpropcllal~ta ndcryogcrl sloshis
particularly cha]]cngin gsinccil  sdyJlanliCS  and
clisturbancc tothcspacccrafl  can vary widely ovcra
mission asafrrnc[ionof fuclmassftacticm,  g-level
flomthrustcrs  orrapidlnancuvcrs,  andtankfrllratim

]~(’~,,tor

‘J’bc l;.xeclilor ft]l~ction cxccutcst llcfiTlalp lanofacli()ll
dctcllnincd bytbc l’lmnct. All space.c[af( contlol loops
am in lhc domain of the Execulor, wbic}l is responsible
fol ciriving the hardware. ‘J’hc  Z;xecutorutili7.cs
fcc.dhack inforunatirm  from the A4fmitor  in tbc fcmn of
I)r()ccssccls cl]sori llfcJrlllatioll,  orcslilllatcso  ftllc.
clyli:illlic state, tc)bc.st acconlplish  its goals.

‘I’llcrc  arctwc~f117.7.y  cc)l~trol clcsigl] cc~~)ccl~ts  w’llicll:irc.
appropriate for supporting the ~;xec~irorful~clic~t~.  ‘1’llc
flrs[  ~onccpt is (IIC Multi- Wittdow l’UZZ-Y  CmltIOl  dc.sifm
'I'l]c:  sccc)ll[l collccl~l isl+'l/zz}~ S]i~ifc/led C;(~Jllrol  design.
“1’hcsc cicsigas  arc. dc.scribed bricfty below.

Multi-  }Vindow  Fuzzy L’otltrol

Multi- Window  I;14zzy ~kmtrol is a rcccnl  concept which
Ims dcmonstralcd hrcakt}mough improvements over
collvcn(ioaal }1’u7.7.y control designs. la ordcrto
a]~~~lcciatcthc ncw approact), it is ncccssary  to give a
bt-ie.f  review of previous convcntioaal ~uny designs.

h4(,st  convc.ntional 17Lr7,zy  logic control designs to date.
bavc hccn based on p}w.w’-plmlc  par-tifims.  Such
conttol]crs arcdcsigncd  using phasc-planc(timc-
dolnain) analysis, passivity theory, or propcwlioaal,
inlcgralivc, and cicl-iv;ttivc( l’ll~)c  olltt-c)llcl
modifications. It issccn that the.sccrmlro]lcrsarc
ilnplcinc.ntcd by parlilionirrg tl~cl>llascl~lar]c.illto
regions bavingdiffcrcnt  feedback gains. ‘J’hisis  simply

a ~,cncrali7ation  (to “sof[” partitions) of classical
mclhods  which usc hard ]mrtitions  of thcJ)llasc-plane
(i.e., switching lines, sutfaccs, etc.).

1a contrast, the new Af/ilti- Widow I;HZZ.Y  COI~IK~~~CJ- is
bascdon  tll(igtlili(flf  -~tcqliettcy  ])l(~tte partitionsas
shown in I~ig,ulc7  wl~ichp or-tray slingoisticv  ariablcsin
a graphical lli-’I’ll  IIN sta(c.rnc. n~ rc]a(ionsl)ips, whc.rc,
Nil= Negative IIig, NM= Ncga(ivc Medium,
NS= Negative. Small, Y;. Zero, 1’S= I’osilivc Small,
l’hfz  l’osi[ivc Medium, and l)ll=l’ositivc ]li~ . “1’hcn the
fu77y controller operation can bc dcscl ibcd as follows.

Ii ?B

PM

Ps

f  FREQ

Ps

-[

PM

.—

PM PM

PB PM

Ps PM

PB

PM

Ps
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[ ‘-xx-””
Figorc  7. hltllli-}$’irl(lo\v  1~~17.zy  Colltrolliascdoll

hflagi)itudc-Frc(]  tlcllcy  Partition

\VIIcn Icl is large, tllc systcm is in a transient phase,
wtlcrc the actuator is tyl)ically saturatc(i. }lcrc., WC.
predominately usc a velocity-lypc fccclback gain to
pIonlotc  switching and hcncc approximate tbc tinlc-
oI~tin~al  response whicl) would bc. of the bang -ban~
type. la contrast, when Icl is small, (I]c  transient
J cspoasc. is near cornplct ion and wc incrcasc  the.
conll-ibution  of tllc inlcgml gain 10 improve steady-state
I)crfornlaacc.  ‘l”bc modcra(c. gain values at intc.rmccliatc
frc.qucncics  and also for moderate si7,c Iel, arc used to
Ilclp smooth the Wansilioas  bctwccn  the operating
rc~inlc. s, which might otherwise bc too atmpt to ensure
srllooth  and cfficicnt  operation.

‘I’l Ic Afulti-  Widmt’  Fuzzy COIIII’01  approach  h t~ccrl
al]plicd  successfully to Mats (ilobal Surveyor dcspin
control for s/c booster separation. ‘1’his  Ims imporlaat
implications for future r]]icrc)sl>accc]-:]ft  since il supporls
the usc of launch vchiclcs  with a s])inning, orbit
irljcction stage. It also provides fast dcs})in, and is
robust (safe) for a wide range of possible inilial
conditions.
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II) tbc 1 ;uz,~,y  Switched Controller, oac switches
snloothly  bctwccn several altclrnalivc  controllers, cacl}
designed 10 trc optimal for a slightly differcnl  operating
lc~inlc. ‘l”hc basic cone.cpt is sunlnmri7,ccl  in I;igul-c 8.
Switching is done in a smooth lnanncr,  by combining
infor[l)ation gatl)c.rcct based on pcrfol-mancc  feedback,

‘1’hc  application of this app]c)ach to lhc prccisicm
poin(ing  of ilnaging c.amcras using, thrusters is of hif$
il]lcrcs[.  “1’hclc is p]cccdcncc for (Ilis approach on the
(ksini spacecraft where scpmatc  low and high ralc
tllrustcr controllers must bc switc}lcd back ancl fort]] to
acllicvc adcqLlatc performance over the range of
condilioas dating Illc ‘1’ilaa flyby. ‘S I’hc ilnprovcmcnts
of’fcrcd by this I:u7,zy  {kmtrol mctllod arc most relevant
10 fUt Lll c spflcccraf’t for which thr LIStCI’S  arc the primary

fccdforward  dis(urbancc information, externally atlitudc contlo] actuator.
measured signals, as WCII as c.xpcrt  knowlcd~c,  which
has bcc.[1 cmbcclclcd in the cboicc of crpcratirrg rLllcs,
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Figure  8. Arcllitccturc for  !+’urzy Switched Control

‘1’hc  Monifot  accepts and proccsscs n~casurcmcn(
it] forll~:ltiorlfr oltltllcscllsors.” ‘J’hc  A4milor containsthc
Kalnuin filter for attitude dctcrlainatioa,  sensor fusion
functions, and dctcctirm algorithms for fault protccticm
and health monitoring. ln the control syslcm block
dia~raln  of I;igurc3, the Monilor would  bcthcs(atc
ol~sclvcr(fo]  deterministic systems) c)rsta(ccstil)~:l[{)r
(for stochastic systems) which produces the stak
cslifllalc.

‘J’lIc fu?.zy c.stimation design example fo] sufqmrtia~ the
Motlitor  fLlt~cti()l] istl]cf1411/ti/~ lt'h4[Jdcl ll/zz}' 1;.~iitll[i(cJr
wllicl)callt)ctul]ccl  ancl illcc)l l)ol-atcs cxpcltktlov’lcclgc.
“J’bisconccpt  isdcscribcdbclow  .A similar approach
can also bc applied tol;uzzyllealth  kfotli(ori~fg  (O
in)l)lovc  spacccl-afl  }{rl-or IJctcction and l:au]t ATI:Ilysis.

Fuzzy Mltltiple  Model lh(ittmlor

‘1’IIc J; UY,Zy Multiple Mode] Iktilnator  ccrnccpt is shown
in }/igurc9.  In this dcsi~n, a bank of Kalmall filtcrs~s
IN opag,atcd  in pm allcl. ‘1’hc pcrforlllancc of each
cstimatoria  [he. bank isjudgcd  based on lt]cprcdiction
cl! ors (i.e., lww WC]] each Inodcl  predicts the actual
scnsornwasLirclnc  nts). A I~uz,z,y figure-of-mcri(isuscd
to choose tl]c cslitoator. Such measures arc typically
s(~lllc rllcasurc ofcorrclntio[l orlllagllilll(lcc)flt]c
plcdictioa  cnor. llowcvcI,  the fuz,z,y appl-oacb allows
mlc 10 il]cl Lldcc)lllct-  ilJf(~rlllatic)ll  about correlations,
Ilonidcalitics,  cxpc.ctcd disturtmnccs,  etc., which can bc
dcsc]ibcd  lin~uistica]ly.  in addilio]l, cacti of tbc
scl)nl:itc  cs[il]liltol-sc:lr)  bcl~uny,  and can bc
lmtanlctrizcd  by cocfi’lcicnts  which thcmsc.lvcs can bc
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[uncfi usinF, in-flight Icarmins  techniques. ‘1’hc l;umy
Mullil)lc. Model lis[imator can improve fonc[ionaiity  for

● l<atc Knowledge in lmagc  Motion (kmpcnsa(ion

l)ul’ing  Iily-bys, Ih)countcls, etc.
● IJislulbancc  cstimalicm

l{igid Imdy }Jaramctcr estimation

Actuator ami  Sensor lis[i])~a[iorl/C:ilit)  ra(ic)[l
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flcxit)lc-tm(ly  n]mlal frcqucncics  ancl datlll)ing, ~]lanl
]mtamc[cr  drif~,  nonlincaritics, noise, and disturbances.
I;itlally, tl)c plant and uncctlainty mode.ls arc passed k]
tllc robust contto] design algori[tlllls to gcncratc a
c[~lltrollcr(citllcr  II-infinity or I.<)Ci rncthocls)  krtcan
J)ct form robustly undc.r the defined uncct lain tics ancl to
tllc prescribed mat-gins. ‘J’llis pal Iicular approacl) is
Icfcrfcd tc]iis:l ltl{](lcl-t):isccl  (lcsigll  tccttniquc.
hlACSYN cat) provide gi(atr~t)tre(l  stabilify (JIIA
mbH.s/IIe.$.f  since idc.ntificalion and unccllainty
lll()(lclillg arclrllc  f()rill-fligllt  c()tl(liti()lls. l)uring,  tlm
mission, a fully aulomatcd  or~[>o;lrcl  l>roccssll~olllcl
provide. pcricxlic non-real-time self-tunins of the control
sys[cln  notninal design. in tllccvcnt  of cc]uipmcnt
fait UrCS, MACSYN  COUkl  al SO SU()[J(X(  aUIOrl(J1llOUS
lccc)tlfigtll-:llic) l]c)fcc)tltrc)l lc)c)JJsfc)rtt]cl>cst
pc] fcmnancc  using dlc available control channels.

‘=B”’
Figure 10. hfoclclillg  alld[;o:ltrol Sylltllcsis

(MACSYN)  I\asic Concept

_—-—... J

l?igurc  !). Arcllitcctllrc  forl~llzzyN lulti])lchlo(lcl
Rstinmtor

AIltQIJ_olJ]f)ll,s_lticlligQllt  Rolmst  coIltrQ!s’nt!lcsis

.AuloIImt cd .M odcling  fmll_lihlM_Cmlt r~l

‘1’hc three generic design issues for any control systcm
arc stahili(y, r-olms(ncss  (0 modeling unccr[ainlics  and
pc.rfonnancc.  An ncw automa(ccl ctcsign mct}lo(l of
Modclin~ and ~~ontro]  Synthesis (MAr3YN)  acldrcsscs
tllcsc issucsdirc.clly  viaadctcrministic  model-hascd
ap}woach  .16’ 17’ 1s l;igurc]()  sllowsthc  basic conccp[of
MA~SYN. ”l’hisprovicics  tt~c tcclll~ologyfc  ~rtllcirl~ler
loop (o1 first laycr)c)f aiJl)l[e/ligeJll ~f~l~l(.rt  C~ol/lrc)l
arc’hitccturc  discussed latcl.

l;irst, tk plant inpu[/outpul  (1/0) data ftoln prescribed
cxcil:~liollsc  ~ftllcsyslclll  arcproc.csscci  bysystcm
idcnliti calion (I IJ)algorilhnls  togcncratca
lll:lll]clllalic:llll~odcl ofthcn~ultivariati cplan landany
disturbances. llascc  ion systcl~] ll)clata,  ad(lilivcalld
mul[iplica(ivc unccrlain[y  Jnodcls  arc crcatcd  10 capture
systcm variations in rigict-t)ocly massprq)crlics,

8

A.ut  Omulmuml!  m’-.N&Mccw! Id

A
‘J’[)I>rc)bc  l]lorcclccl~ly  illt(Jtl]cissLlc ofglotml
lc~t>~lslr~css,  iiccx:llllir~ccl  thcpossibility  ofusingtk
Iobusl, nonlinear, mid intelligent control mclhocisto
Cnhancc systcnl Iotmstncss.. ‘J’l]ctcchniquc  ~woposcd
oll’crsalllc:it]sto”  intcgratcfuzz.y  logic-nculal nctwmk
control w’itl~lll(j(lcrll rot)tlslcorltrol,  wtwrc~lobal
convcr~eIK-c  ishandlcdby  thcrulc-tmscd  fL17,7,y-ncoral
nc[workcont]ol law and .Yff/l)ili/y ])ctfol-/)la/tcc  is
ll:ll)cllc(i bytllc  Ic)t)llst col)tIollaw. ‘1”llcf1177y-I  )cLll’al
nclwork ]])crf:cs tllccxl)cr( kllc)w~lc(igc  hascanciinpu[-
output data into a Inorc cffcctivc.  intclligc.nt  control
c()llfigur  ati(~lJ. \Vitllttlc  pr()l)()sc(l  fLlzzy-t~c.ural  nctwcd
a])proach,  c]ua]itativc knowlcctgc  can bc USC(I to cnacl
control policy  .1’’’ 22121

liumy-neural control adds a complclcly ncw dimension
tocon[rol sys(ctll  c:lp:it)iiity.  Itlcoll]l)il]tll ic)]] with
dctcrtninistic inpu(-ou(put mappings cncodcd  t)y the.
Ilcural nc.twork, IIlc fuz,zy-neural nclwo[k pr-ovidcs a
powerful lccllniquc in Suppol-(  of slat) ilization,
i[lcl~tificatioll,f:\Lllt  dc(cctiorr  aT~claclaplivc.colltr{)l. ‘1’his
approach is capnblc of providing autonomy and
]Irccisiorlcol)llol”  illtllc  prcsctlcc( ~f(lislllr~)allcc.s,
systcln uncc.rlaintics, and con fig,uratioo clmngc.s.  ]n
addition, faull tolcrancc, hcallh lnoniloring and
rccc)l~figurilt~  lccolllr(]l slratcgics al-c :IccoIIIIIIOC121tc(l  to

ctlsurc st:lt)ilily:lllci  an cy)tinli7.c41 rcconflguratirrn  of
c o n t r o l  and  scl)sillgcl);~l)l)cls  inthccasc.of
nlalfuncliolls.
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1 lowcvcr, the /lig/lly no)lli)lca~  slructurc  of fuzxy-neural guaranteed convcIgcIIcc,  rohustncss,  ml stability
control Icsuils i]) a syslcmdcsign  lbat is bald toasscss w’ill)in tlEIcaclI  ofI\LIlc)]I{)Il)c)tls  coolrol.  11 nlsolm  tbc

l’ors(:it)ili(y  ar]clrc)bustr]cssl  l]argirls. Norisitpossiblc lcal-(imc capability of self tunin~, self organizing,  zrlI(l

10 Iuovi(k  a rigorous goarantcc of these margins. (illlc-ctilical  c(mtingcncy  actions in (Icaliog  with
tltl:ll]lici]): itc(lcll\’irol]  ll]ctl(sall[l  ]nissioncvcnts.  Oncof

Aul(!r]omom  lntclligmt Rohst CoIdrol Ibc primary functions of con(ro]  design is to ensure. the
“robustness’” ufthc  sys[cm  to uoccrmin[y. ‘1’ypically,

‘1’() OVCICOIIIC tbc sc.paratc limitations of h4A(3YN  and ttlisrcquircs  c()t]si(lcral>lc lll]tll:iIl it]tcr:tcti()tlirl lbc
fu7.7y-neural control, a cmnbinc(l hierarchical schc]nc is ]llo(lclitlg: it](l]c clcsiglll )roccsscs.”  lVilhll<C,
proposed. lJiglllc ll. sll(~ws  ac:ll]clidalca rcllitccturcfor substantial human effort can bc snvcd,  and that is an

Au[onm)ous  Jn[clligcn[ Robus[ Control (IRC) inlpor(an[  motivation for autononioos  spacecraft design.

tc.chnology. 22’23 ‘1’hc tbrcc-]aycr  control systcm lJlaccs
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]rjgllrc  1]. Alltolloll~olls  lntclligmt Robust Spucccraft  Cent rol Systems

{jotsclmi.s!ns its Inission plan. ‘1’lm fligtlt systcI]I  must bc
funclionallv  Iohusl and adaplahlc  to a rallfic of

NASA’s fu(ure spacecraft will need to incorpora(c
ibcsc advanced (cchnolosics so that scientifically
ambitious (iccp space missions can also bc affmkihlc.
‘J’tlis plc]nisc motivates tbc vision of small aut(mmllous
spacecraft equipped with decision and control auttmrity
10 pcd’(n]n tllcil mission without human inlcrvcntion.
‘J’l)c spacccraf(  will autonomously sense. and intcrlmt
its cnvimuncnt  and cxccutc its decision tasks to satisfy

unccrlaintics  and even unar; ticipa(c.cl conciitions.
A(lvanccd guidance and control functions arc
fondanlcnta] to this ot~jcctivc.  Autonolllous  flight
ol)crations dictalcs control stlatc.gics that ~cmain
cffcctivc  in the. pmscncc  of ]Ilant mo(lcl unccrlaintic.s,
cquifmc.nt  anomallcs,  scllsi]l~/~)ctcc[~lic)l] constraints,
and poc)rly-j~rcclictc(l Cxogcnous  iopuls.rl’l!c syntl]csis of
a(i V: UICCd  tObUS(  contI’o]  :IIKI  fLl Z7y-IICUl d I)lCt]lCX\S  tO

9
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●

form a ncw ~,cncration  of aulonomcms  iotclligcnt
spaccc.rafl control lc.rs is proposed in Ibis pzrpcl, and
considered essential to achieving affordable and
scicn(iflcally  cballc.n~ing  missions in tbc next dccadc.
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